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Summary
Closely related sympatric species are expected to
evolve strong species discrimination because of the
reinforcement of mate preferences [1–4]. Fitness costs
of heterospecific matings are thought to be higher in
females than in males, and females are therefore ex-
pected to show stronger species discrimination than
males [5, 6]. Here, we investigated gender and species
differences in sexual isolation in a sympatric species
pair of Calopteryx damselflies. The genus Calopteryx
is one of the classic examples of reproductive char-
acter displacement in evolutionary biology, with ex-
aggerated interspecific differences in the amount of
dark wing coloration when species become sympatric
[7–9]. Experimental manipulation of the extent of dark
wing coloration revealed that sexual isolation results
from both female and male mate discrimination and
that wing melanization functions as a species recogni-
tion character. Female choice of conspecific males is
entirely based on wing coloration, whereas males in
one species also use other species recognition cues
in addition to wing color. Stronger species discrimina-
tion ability in males is presumably an evolutionary
response to an elevated male predation risk caused
by conspicuous wing coloration [10]. Gender differ-
ences in species discrimination and fitness costs of
male courtship can thus shed new light on the evolu-
tion of asymmetric sexual isolation and the reinforce-
ment of mate preferences [2–4, 11].
Results and Discussion
Theory predicts that when closely related taxa become
sympatric, they should evolve enhanced premating
isolation to avoid the production of unfit hybrid offspring
or direct fitness costs of heterospecific matings [1–4].
Reinforced mating preferences are expected to result
in a pattern of reproductive character displacement
and strengthened species recognition in sympatry com-
pared to allopatry [4, 9, 12]. Although early models
*Correspondence: erik.svensson@zooekol.lu.seindicated that reinforcement of mating preferences
would be severely constrained by gene flow and recom-
bination [13], there is now accumulating empirical evi-
dence that reinforcement operates in several taxa [2–4].
Gender differences in mating behavior and mating
system ecology could potentially shed new light on the
evolution of sexual isolation [5, 6, 11, 14]. It is often as-
sumed that females are the most discriminatory sex in
sexual selection [15] because female gametes (eggs)
are costlier than male gametes (sperm) are [16]. This ba-
sic gender difference has been put forward as an expla-
nation for stronger species discrimination in females
than in males because females face stronger selection
to avoid costly gametic wastage in interspecific matings
[5, 6]. However, recent studies have shown evidence for
both male mating and courtship costs [17, 18] and active
male choice of females [19–21], and the basic assump-
tion of stronger female species discrimination could thus
be questioned.
Here, we present the results from an experimental
field study on gender differences in species recogni-
tion and asymmetric sexual isolation in two sympatric
damselfly species (genus Calopteryx). In Europe and
North America, melanic wing coloration in Calopteryx
shows a pattern of reproductive character displacement
with more pronounced species differences in sympatry
compared to allopatry [7–9]. Although interspecific dif-
ferences in the extent of melanic wing coloration has
been suggested to function as a species-isolating
mechanism [7, 8], gender differences in species-recog-
nition ability have not been investigated. Our results
indicate that males in one Calopteryx species have
evolved an elevated degree of species recognition abil-
ity, causing asymmetric sexual isolation between these
taxa. The enhanced species-recognition ability has pre-
sumably been selected for because males in this spe-
cies have a 2.9 times higher predation risk than do males
in the other species because of their conspicuous
melanic wing coloration [10]. We experimentally demon-
strate that dark wing coloration functions as a sex-
ual-isolation mechanism and that interspecific gender
differences in species-recognition ability explain the
asymmetric sexual isolation in this genus.
We analyzed the proportion of conspecific and het-
erospecific copulations in the wild and quantified the
degree of sexual isolation between C. splendens and
C. virgo (Figure 1; Table 1). These species are strongly
but not completely isolated from each other (Figure 1).
Sexual isolation is asymmetric because a higher propor-
tion of C. virgo females mated with heterospecific males
than C. splendens females (Table 1), a species differ-
ence that is highly significant (c2 = 46.11; d.f. = 1; p <
0.001). The sexual-isolation asymmetry takes the differ-
ences in the species densities into account (Table 1;
Figure 1) and reflects species- and gender-specific dif-
ferences in per-capita probability of mating with hetero-
specifics [22]. This sexual isolation asymmetry could
arise either because C. virgo males discriminate against
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1944C. splendens females or because some C. virgo females
prefer to mate with C. splendens males.
To investigate gender and species differences in sex-
ual isolation, we performed experimental manipulations
of wing color. We increased the size of the dark wing
patches in C. splendens males and decreased the wing
transparency of C. splendens females to mimic the
wing phenotypes of C. virgo males and females (see
the Experimental Procedures and the Supplemental
Data available online). The manipulation of C. splendens
males resulted in strong and opposite effects on female
responses in the two species (Figure 2A). C. splendens
Figure 1. Sexual Isolation in the Field among Mating Pairs of
Calopteryx splendens and C. virgo
Observed (white bars) and expected (black bars) proportion of con-
and heterospecific copulation of C. splendens and C. virgo males
and females with, as a statistical null hypothesis, a model of random
mating with no sexual isolation (Experimental Procedures and Sup-
plemental Data). For each pair category, the male species identity is
presented first, and the female species identity follows (e. g. ‘‘splen:
vir’’ denotes the number of C. splendens males found copulating
with C. virgo females).
Table 1. Pair Sexual Isolation Indices between Calopteryx
splendens and C. virgo
Females
Males C. splendens C. virgo
C. splendens 1.211 (0.044)*** (n = 489) 0.167 (0.043)*** (n = 17)
C. virgo 0.056 (0.026)*** (n = 5) 4.962 (1.227)*** (n = 108)
The expected number of mating pairs in each of the four categories
was calculated with a null model of random mating (see Experimen-
tal Procedures). PSI indices lower than 1 indicate that there are
fewer matings than expected, and values above 1 indicate that there
are more matings than expected (assortative mating). All PSI indices
are significant and different from 1 (‘‘***’’ indicates p < 0.001), indicat-
ing strong sexual isolation and assortative mating. Sexual isolation
is asymmetric because PSI for the pair combination ‘‘Male C. splen-
dens, female C. virgo’’ is significantly higher than PSI for the other
heterospecific pair combination, ‘‘Male C. virgo, female C. splen-
dens’’ (p < 0.001). Thus, C. virgo females mate with a higher proba-
bility with heterospecific males than do C. splendens females. The
joint isolation index (I) reveals the overall degree of sexual isolation,
and it ranges from 21 (perfect disassortative mating) to 1 (perfect
assortative mating). I in this study was found to be 0.928
(0.0015)*** (n = 619). I is significantly lower than 1, showing that sex-
ual isolation is incomplete and that heterospecific pairings occur.
Values within parentheses are the standard deviations (SDs) for
the isolation indices (left) and number of mating pairs (far right).females reduced their response to such manipulated
C. splendensmales, whereasC. virgo females increased
their response (Figure 2A). The corresponding manipu-
lation of C. splendens females that were presented to
males gave a similar result (Figure 2B). C. splendens
males reduced their number of courtships toward wing-
manipulated C. splendens females, whereas C. virgo
males increased their number of courtships to such
manipulated C. splendens females (Figure 2B).
To evaluate the role of additional species recognition
characters, we compared female and male responses in
both species to three phenotypic categories: unmanipu-
lated C. splendens males or females, wing-manipulated
C. splendens males or females, and unmanipulated
C. virgo males or females (Figures 3A and 3B). In both
males and females, there was a highly significant differ-
ence in how the two species responded to the three
presented phenotypes (analyses of variance [ANOVAs]:
Figure 2. Mate Responses to Wing-Color-ManipulatedC. splendens
Males or Females
Individual males were presented to females or males in the field both
prior to the manipulation (‘‘Premanipulation’’) and after the manipu-
lation (‘‘Postmanipulation’’). Female responses to males were
recorded with an 11 degree nominal scale, and higher values
indicate a more attractive male (Experimental Procedures). Means
6 95% Confidence limits (CLs) are shown.
(A) Difference between female species in their reaction toward ma-
nipulated C. splendens males is significant: Repeated-measures-
analysis: species * treatment interaction: F1.33 = 40.460; p < 0.001.
(B) Number of male courtships directed toward C. splendens
females before and after wing-color manipulation (as in [A]). The dif-
ference between male species is significant: Repeated-measures-
analysis: species * treatment interaction: F1.66 = 273.011; p < 0.001.
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1945Females: Male Phenotype * Female Species interaction:
F2,119 = 30.089, p < 0.001; Males: Female Phenotype *
Male Species interaction: F2,122 = 50.468, p < 0.001).
Females in both species expressed the strongest
preference for unmanipulated conspecific males, which
elicited stronger responses than did heterospecific
males (Figure 3A; Tukey post-hoc tests:C. splendens fe-
males, p < 0.001; C. virgo females, p < 0.001). Females in
both species did not differ in their response toward
manipulated C. splendens males with a C. virgo wing
phenotype compared to in their response toward au-
thentic C. virgo males (Tukey post-hoc tests: C. splen-
dens females, p = 0.73; C. virgo females, p = 0.95).
Thus, male wing coloration explains sexual isolation
entirely between these two species in females, with little
or no role for additional traits, such as courtship behav-
ior or pheromones.
In C. splendens males, the experimental results indi-
cated the presence of a similar simple species-recognition
mechanism (Figure 3B). Male C. splendens performed
significantly more courtships toward unmanipulated
C. splendens females than they did toward C. virgo
Figure 3. Mate Presentation Experiments to Males and Females
(A) Three male phenotypes were presented to females of both
species: unmanipulated C. splendens males, wing-manipulated
C. splendens males (mimicking C. virgo males), and unmanipulated
C. virgo males. The experimental categories on the left are males
presented to C. splendens females, whereas the three categories
on the right are males presented to C. virgo females. Sample sizes
for each group are provided below each category, and means and
95% CLs are presented. Male presentation categories differing in
letter combinations differ significantly, whereas categories sharing
at least one letter do not differ (Tukey post-hoc tests).
(B) Female presentation experiments to males. Three female pheno-
types were presented to males (as in [A]). The average number of
male courtships directed to each female category is shown.females (Tukey post-hoc test: p < 0.001) and toward
wing-manipulated C. splendens females (Tukey post-
hoc test: p < 0.001). C. splendens males did not discrim-
inate between C. virgo females and wing-manipulated
C. splendens females (Tukey post-hoc test: p = 0.94), in-
dicating that they use female wing coloration alone as
a species recognition character, similar to the females
of both species. In contrast, although C. virgo males in-
creased the number of courtships toward wing-manipu-
lated C. splendens females compared to unmanipulated
C. splendens females (Tukey post-hoc test: p < 0.001),
their number of courtships were significantly lower
than those directed toward their own conspecific fe-
males (Figure 3B; Tukey post-hoc-test: p < 0.001).
Dark wing patches and dark wings in Calopteryx are
not only important in sexual selection and agonistic
male-male interactions at the intraspecific level, as has
previously been demonstrated [9, 10, 23]; our experi-
mental results clearly show that wing color is also impor-
tant in species recognition in both sexes and both spe-
cies. Such dual functions of signaling traits in both
sexual selection at the intraspecific level and as
species-isolating mechanisms are predicted by models
of speciation by Fisherian runaway sexual selection [24].
Experimental results of this kind have to our knowledge
only been shown previously in terms of interspecific me-
lanic wing coloration inPierisbutterflies, and then only in
the context of female choice of males [25]. Our results
indicate that, in Calopteryx females and C. splendens
males, species recognition and sexual isolation are
linked to a single coloration character. Such simple sex-
ual-isolation mechanisms caused by single traits are
rare among animals [4], although in plants, it has been
demonstrated that only a few loci govern flower color,
which mediates reproductive isolation [26].
Unlike C. splendens males, C. virgo males have
evolved strong species-discrimination ability against
heterospecific females, and this discrimination is not
only based on wing coloration. In combination with our
previous findings of an elevated predation risk inC. virgo
males [10], these results suggest that the fitness costs
of male courtship or mating favor stronger species
discrimination ability in C. virgo males compared to
C. splendens males and females of both species. The
indirect fitness costs in terms of the production of unfit
hybrid offspring should be equal for males and females
and are unlikely to explain these interspecific gender dif-
ferences. Although molecular analyzes have found evi-
dence for hybrids between C. splendens and C. virgo,
the frequency of such hybrids is very low [27] compared
to the frequency of heterospecific matings (Figure 1),
indicating very low fitness of hybrid offspring. Alter-
natively, low frequency of hybrids in spite of a relative
high rate of heterospecific matings could arise through
mechanisms other than low hybrid fitness, e.g., through
conspecific sperm precedence [28] or postcopulatory
cryptic female choice [29].
Male C. virgo suffers from a 3-fold higher predation
risk from birds than do C. splendens males and a 5–17
times higher predation risk than do females of both
species, presumably a result of the elevated conspicu-
ousness of C. virgo males due to their almost entirely
dark melanized wings [10]. Predator-mediated costs of
courtship or mating could explain the more pronounced
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to C. splendens males and females because C. virgo
males will expose themselves to predation when per-
forming courtships to heterospecific females, even
though they receive little or no benefits of mating with
these heterospecific females, because of low hybrid fit-
ness and/or conspecific sperm precedence or cryptic
female choice [27–29]. The role of direct fitness costs
of mating or courtship, such as elevated predation risk
during courtship or mating, has been ignored in almost
all studies on the evolution of sexual isolation [3]. Most
previous models have instead focused on the indirect
fitness costs of producing hybrid offspring [1–4]. In sex-
ually dimorphic species in which conspicuous males are
highly vulnerable to predation, direct fitness costs of
courtship could potentially select for stronger species-
discrimination ability in males. Our suggestion that ele-
vated predation risk favors enhanced species discrimi-
nation in C. virgo males might seem at variance with
previous empirical studies in female choice of conspe-
cific males, which becomes more random in the pres-
ence of predation [30]. However, both the fitness costs
and benefits of performing courtship attempts to heter-
ospecific females compared to choosing low-quality but
conspecific males are likely to be radically different, po-
tentially explaining the difference between our results
and previous instraspecific studies on the female choice
of conspecific males.
Stronger species discrimination in C. virgo males
could explain the asymmetric sexual isolation between
these two species because C. virgo males were rarely
found mating with C. splendens females (Table 1; Fig-
ure 1). Sexual isolation between species or populations
is often asymmetric: Members of one population dis-
criminate more strongly against members of the other
population than vice versa [31–33]. Explanations for
asymmetries in sexual isolation include the loss of court-
ship elements by genetic drift during founder events
[31], a transient stage in Fisherian runaway sexual selec-
tion [32], asymmetric fitness costs of hybridization [34,
35], reinforcement [3, 4], or female preferences for heter-
ospecific males [36]. However, the generality of all these
explanations has been questioned, and additional data
on asymmetric mate preferences from natural popula-
tions are therefore needed [4]. Our findings here suggest
gender differences in species recognition, and the male
choice of females should be considered as an important
mechanism in generating asymmetric sexual isolation.
In conclusion, our study has revealed gender differ-
ences in species recognition and shows that, contrary
to the general view of more discriminatory females, the
strongest species recognition was found in males of
one species. Gender differences in species recognition
can thus constrain both the evolution of reinforcement
[11, 14] and explain asymmetric sexual isolation [4], as
indicated in this study.
Experimental Procedures
Study Organisms
We studied courtship and mating behaviors and sexual isolation in
natural field populations of two sympatric damselflies: Calopteryx
splendens and C. virgo. Males in these species are morphologically
similar except for their striking secondary sexual character:
C. splendens has dark melanin wing patches covering about 50%of the wing, whereasC. virgo has their wings almost entirely covered
by melanin [37] (Supplemental Data). The dark wing patches of
C. splendens function in both sexual selection and in agonistic inter-
specific male interactions with C. virgo [9, 23]. The almost entirely
melanized wings in C. virgo increase avian predation risk in C. virgo
males [10]. Females show a parallel interspecific difference in wing
coloration: C. splendens females have almost transparent wings,
whereas C. virgo females have darker, brown wings (Supplemental
Data).
Quantifying Sexual Isolation: PSI Indices
On the basis of the frequency of the four different mating-pair com-
binations (C. splendens male and C. splendens female;C. splendens
male and C. virgo female;C. virgo male and C. splendens female and
C. virgomale andC. virgo female) in a field population (Klingava¨lsa˚ns
Naturreservat), we estimated pair sexual isolation (PSI) estimates for
each mating category [38–40]. We calculated PSI indices from the
species frequency distribution among the mating pairs only, thus
ignoring nonmating individuals in the population [38], with the soft-
ware JMATING, version 1.0.8 [22]. PSI indices run from 0 to N,
with values lower than 1 indicating that there are fewer matings in
that category than expected under random mating and values above
1 indicating more matings than expected, i.e., assortative mating.
Wing-Color Manipulations
The size of the male dark wing patch is only one aspect of this sec-
ondary sexual character, and that other aspects of wing coloration,
such as the iridescence and/or reflection in the UV-spectrum, might
also be important in sexual selection, female choice, and sexual iso-
lation. In males, our manipulations only aimed to enlarge the dark
wing patches, and we would like to underscore that we make no in-
ferences about other aspects of this coloration character apart from
its size (Supplemental Data). Results in this study revealed strong
species-specific differences in how both female and male C. splen-
dens and C. virgo reacted to manipulated female and male C. splen-
dens (Figures 2 and 3). Thus, our manipulations of male wing
patches (Supplemental Data; Figure S1C) and wing transparency
in females (Supplemental Data; Figure S2C), albeit incomplete,
were apparently successful in reversing female and male responses
toward manipulated C. splendens individuals aimed to mimic
C. virgo (Figures 2 and 3).
Female Choice, Male Choice, and Assessment
of Courtship Responses
C. splendens males were presented before and after wing manipula-
tion to females in the field so that female courtship responses could
be recorded. In these presentation experiments, we tied males and
females on their thorax with a thread and tied the other end of the
thread to a 1.5 m long bamboo stick. Tethered males and females
were subsequently presented to conspecific and heterospecific
members of the opposite sex, and the sexual responses were re-
corded and quantified. For female responses, we used an 11 degree
nominal scale (see Supplemental Data) on the basis of the multiple
and distinct precopulatory behavioral displays that have previ-
ously been described in great detail in the genusCalopteryx [41]. The
scale ranges from 0 (female escape) to 10 (male-female tandem
formation) [42].
Statistical Analyses
We tested for species-specific copulation probabilities with con-
and heterospecifics by using c2-statistics, with the null model being
random mating (Table 1). In the wing color manipulation experiments
(Figure 2), we first tested each individual prior to the manipulation
and after the manipulation and analyzed the results with repeated-
measures analysis, with male or female species identity and exper-
imental treatment (pre- and postmanipulation) and their interactions
as factors.
Supplemental Data
Experimental Procedures and two figures are available at http://
www.current-biology.com/cgi/content/full/17/22/1943/DC1/.
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